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Abstract 
Nanocrystalline BaFCl:Sm3+ is an efficient photoluminescent X-ray storage phosphor which is based on the reduction of Sm3+ to 
Sm2+ upon exposure to ionizing radiation. We have characterized this storage phosphor by synchrotron X-ray powder diffraction 
and scanning electron microscope, and have investigated it for its suitability in dosimetry and imaging. Sm2+ ions generated by 
X-rays in nanocrystalline and microcrystalline BaFCl:Sm3+ have been studied by spectral hole-burning to gain a better 
understanding of the storage mechanism. By applying 19 mW/cm2 of gating light in the hole-burning process, a gating efficiency 
of 5.5 is achieved for nanocrystalline BaFCl:Sm2+. The microcrystalline BaFCl:Sm2+ obtained by a high-temperature method has 
higher efficiencies both in self- and photon-gated hole-burning. 
© 2009 Elsevier B.V. 
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1. Introduction 
Considerable attention has been paid to the design of efficient X-ray storage phosphors which have been widely 
used in medical imaging since 1980s. There have also been numerous investigations into the details of the storage 
mechanism [1,2]. The main advantages of X-ray storage phosphors, compared with conventional film-screen 
systems, are their higher sensitivity and larger dynamic range. Presently, the best-known phosphor is BaF(Brx,I1-
x):Eu2+, with a small fraction (1-x) of iodide; the readout of this phosphor is based on photostimulable luminescence 
[3]. Several models have been proposed for the storage mechanism. Upon exposure to ionizing radiation, free charge 
carriers as well as F centers (F and Br vacancies) are formed. According to Takahashi et al. [4], holes are trapped by  
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Eu2+, converting them into Eu3+, and electrons are trapped by the F centers. Upon subsequent photostimulation, 
the electrons are excited from the F- centers into the conduction band and, after recombining with Eu3+ ions, yield 
luminescence of Eu2+ at 390 nm. 
    Notwithstanding their success, currently available X-ray storage phosphors still suffer from some 
disadvantages, including rapid erasure of the information upon exposure to ambient light, fading as a result of 
spontaneous or thermally induced electron-hole recombination and the limited signal-to-noise ratio in the readout 
process [5]. We have discovered that nanocrystalline BaFCl:Sm3+, as prepared by co-precipitation from aqueous 
solutions, is an effective photoluminescent X-ray storage phosphor which has some potential to overcome these 
disadvantages [6]. The storage mechanism is based on efficient generation of relatively stable Sm2+ centers upon 
exposure to ionizing radiation. The Sm3+→ Sm2+ reduction is most likely based on the capture of electrons from F--
centres that are induced by ionizing radiation. The phosphor allows an accumulative and repetitive readout of latent 
images by photoexcitation of the narrow f-f luminescence lines, such as the 5D0→7F0 transition, via excitation by the 
very intense 4f6→4f55d transitions in the blue-UV region of the spectrum. Importantly, the Sm3+→Sm2+ conversion 
is about 50,000 times more efficient in nanocrystalline compared with microcrystalline powders. This is of 
significant relevance for the applied fields of computed radiography and personal radiation monitoring. 
     Spectral hole-burning, which is an invaluable and highly successful spectroscopic tool, has been extensively 
applied for the investigating of Sm2+ in BaFCl [7,8]. The first observation of photon-gated hole-burning in 
BaFCl:Sm2+ at 2 K was reported by Winnaker et al. in 1985 [9]. They found that at 2 K the inhomogeneous 
linewidth and the hole width of the 5D0→7F0 transition in macroscopic crystals was 16 GHz and 25 MHz, 
respectively. Subsequently, hole-burning studies of Sm2+ doped mixed crystals at 77 K [10,11] and room 
temperature [12,13] have been reported. The hole-burning mechanism in these systems is considered to be based on 
photoionization of Sm2+ followed by electron trapping, and it is thought that Sm3+ usually acts as the trap [13]. In the 
present article, some spectral hole-burning properties of Sm2+ ions generated by X-ray in nanocrystalline and 
microcrystalline BaFCl:Sm3+ are reported. These studies are directed at obtaining a better understanding of the X-ray 
storage mechanism.  
 
2. Experimental 
A.C.S. reagent grade chemicals were used without further purification. The nanocrystalline BaFCl:Sm3+ was 
prepared by a co-precipitation method [5]. The microcrystalline BaFCl:Sm3+ was obtained by sintering of a mixture 
of BaCl2, BaF2, and SmCl3 for 6 h at 900 ℃. 
High resolution synchrotron radiation powder X-ray diffraction was performed at the 10-BM beamline of the 
Australian Synchrotron using the MYTHEN detector [14]. The finely ground sample was filled in a glass capillary 
with a diameter of 0.3 mm and mounted on a spinning goniometer head. The X-rays were monochromatized by a 
pair of Si (111) flat crystals and 1.0 Å radiation was used for the experiment. The instrumental resolution was 
evaluated using lanthanum hexaboride powder. The line profile was analysized with MDI Jade 6.0 and 
approximated with a pseudo-Voigt function after performing an instrumental broadening correction and background 
subtraction. Lattice strain and crystallite size of the samples were determined using the Williamson-Hall procedure 
[15].  
Testing of the storage phosphor BaFCl:Sm3+ for application in personal radiation monitoring (dosimetry) was 
conducted with a reader unit, designed and built in the laboratory. This reader is based on the principle of a 
phosphoroscope with gated excitation and luminescence light that are out of phase by 180o. The employed light 
source was a 3 W 470 nm Lumileds Luxeon LED. The reader unit is described in detail elsewhere [16]. The 
dosimeter was made of black anodized aluminum (25 mm2 square) with a milled out circle centre of 5 mm diameter 
and 0.3 mm depth. After filling in the dosimeter, the sample was flattened with a glass slide and transparent 
adhesive tape was used to cover and protect the sample in the dosimeter. When exposed to X-rays (Cu anode, 25 
mA 40 kV), the dosimeter was covered with a copper filter of 0.69 mm thickness. In order to investigate the 
reversibility of the storage mechanism, the exposed sample was bleached with a 3 W 470 nm LED with a plastic 
collimating lens. The distance between the sample and the lens was about 1.5 cm.  
The application of the nanocrystalline BaFCl:Sm3+ storage phosphor in oral dental imaging was tested by 
employing an integrated circuit chip as the subject of examination.  The nanocrystalline BaFCl:Sm3+ film containing 
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20 weight-% of PVA glue was deposited on a plastic substrate. The film had a width of 30 mm, a length of 40 mm 
and 0.07 mm thickness. The film, together with the electronic chip, was exposed by a dental X-ray camera with a 
surface dose of 4 mGy. The latent image was then readout and digitized by the computed radiography reader [16].  
For the spectral hole-burning experiment, a thin film sample with 0.14 mm thickness, containing 20 weight-% of 
PVA glue, was applied to a sapphire window. This film was exposed to X-rays (Cu anode, 25 mA 40 kV) to reduce 
the Sm3+ to Sm2+ for 1 h for nanocrystalline and 18 h for microcrystalline BaFCl:Sm3+. The sample was mounted on 
the cold finger of a closed-cycle cryostat (Janis/Sumitomo SHI-4.5). Spectral holes were burnt and read out by an 
external cavity diode laser (ECDL; Toptica DL100 external cavity diode laser with DC110 laser controller). The line 
width of the laser was ca. 7 MHz. A 10 mW Nd:YAG laser (532 nm) was employed as the gating light in the hole-
burning process. After a burn period at constant frequency, the laser frequency was tuned by modulating the 
piezoelectric element on the diffraction grating of the ECDL with a triangular waveform generated by a waveform 
synthesizer (Stanford Research Systems SRS DS345). The frequency scans were calibrated by the 300 MHz 
confocal Fabry–Perot etalon. The signal was averaged on a digital storage oscilloscope (LeCroy Wavesurfer 422) 
and subsequently transferred to a Pentium III PC.   
3. Results and Discussion 
Fig. 1(a) shows the synchrotron powder X-ray diffraction pattern (1 Å radiation) of the storage phosphor 
BaFCl:Sm3+. All prominent peaks can be indexed to the tetragonal matlockite-type structure with a space group of 
P4/nmm. Applying a line broadening analysis, the lattice parameters for the tetragonal cell are calculated to be a = b 
= 4.395(1) Å, and c = 7.227(8) Å, indicating a small expansion of the crystal lattice in comparison with the literature 
values for the bulk crystal [17]. The crystallite size of the storage phosphor BaFCl:Sm3+ is estimated to be 160 nm 
from a Williamson-Hall analysis. The scanning electron microscopy image of the synthesized BaFCl:Sm3+ material 
is displayed in Fig. 1(b). As shown in Fig. 1(b), the particles with lamellar morphology accumulate in a parallel 
direction into layers with estimated average lengths and widths in the range of 300-800 nm and 90-220 nm, 




Fig. 1. (a) Observed (red) and calculated (black) synchrotron powder X-ray diffraction pattern for BaFCl:Sm3+. (b) SEM picture of the 
nanocrystalline BaFCl/Sm3+ X-ray storage phosphor as prepared by co-precipitation. 
 
The storage mechanism of the BaFCl:Sm3+ phosphor is based on the reduction of Sm3+ to Sm2+ upon exposure to 
ionizing radiation. The f-f luminescence lines of Sm2+, such as the 5D0→7F0 transition, can be excited very efficiently 
via the very intense 4f6→ 4f55d transitions in the blue-UV region of the spectrum, allowing the detection of minute 
quantities of Sm2+ ions. 
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Fig. 2. Room temperature intensity of the 5D0→7F0 transition of Sm2+ in BaFCl:Sm3+ as a function of accumulative surface dose of 40 kV X-ray 
radiation. The crosses show the data for a freshly prepared sample; the triangles show the behaviour of the same sample after bleaching for 12 h 
with 470 nm LED light. Data was obtained by using a dedicated reader unit (see Experiment). 
 
Fig. 2 shows the dependence of the 5D0→7F0 luminescence intensity as a function of the accumulated X-ray 
surface dose. After the sample was exposed to ca 1 mGy, it was bleached for 12 h with 470 nm light of a blue LED. 
The sample was then again accumulatively exposed to 40 kV radiation. The dependence of the luminescence 
intensity is fairly linear within the dose range and the storage mechanism is reversible. 
The efficiency and reproducibility of the storage phosphor make it an attractive alternative for personal radiation 
monitoring and for dosimetry in radiation therapy.  
Fig. 3 displays the computed radiograph of the examined object (as shown in Fig. 3(a)) as read out from the 
nanocrystalline BaFCl:Sm3+ storage phosphor film upon exposure to 4 mGy dental X-ray surface dose. As follows 
from Fig. 3(b), the image generated from the phosphor has favourable contrast and brightness and high signal-to 
noise ratio.  
 
                           
Fig. 3. Computed radiograph of the examined object produced on the nanocrystalline BaFCl:Sm3+ storage phosphor after exposure to 4 mGy 
surface dose. 
          
      Some spectral hole burning properties of nanocrystalline and microcrystalline BaFCl:Sm2+ were investigated 
in order to gain a better understanding of the storage mechanism of BaFCl:Sm3+. Hole-burning was recorded in 
luminescence-excitation by monitoring the 5D0→7F2 emission line whilst burning into the 7F0→5D0 transition. The 
inhomogeneous line width for the latter is about 60 GHz for the nanocrystalline BaFCl:Sm2+ sample.  
Fig. 4 shows the photon-gated hole-burning spectra of (a) nanocrystalline and (b) microcrystalline BaFCl:Sm2+ 
with different burning times. As illustrated in Fig. 4, with increasing burn period, the hole became deeper and wider 
for both systems. After burning for 30 sec, the hole area in microcrystalline BaFCl:Sm2+ is about 5 times more than 
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that for nanocrystalline BaFCl:Sm2+, suggesting that the photon-gated hole burning of microcrystalline is faster than 
that of the nanocrystalline sample. 
 
Fig. 4. Photon-gated hole-burning spectra at 3 K of (a) nanocrystalline and (b) microcrystalline BaFCl:Sm2+ with different burn periods. Laser 
power densities: 7 mW/cm2 of 687.82 nm and 19 mW/cm2 of 532 nm (gating light).  
 
Photon-gated hole burning for nanocrystalline BaFCl:Sm2+ was performed over a range of temperatures. The hole 
width approximately doubles from 2.5 to 50 K (58 to 95 MHz). 
To investigate the stability of spectral holes, the sample was taken to 50 K (after the initial burn period), kept at 
this temperature for 60 sec in the dark, and then brought back to 3 K in the shortest possible time. In a second 
experiment the sample was heated to 50 K and kept under red laser excitation (scanning around 687.80 nm) for 60 
sec and brought back to 3 K. The remaining hole was then re-measured. Compared with the initial hole at 3 K, the 
hole area decreased by about 57 % and 61 % for the first and second experiment, respectively. The observed 
behaviour for the nanocrystalline BaFCl:Sm2+ sample is commensurate with observations for type II BaFCl:Sm2+ 
crystals reported by Winnacker et al [9]. Following the arguments of Winnacker et al, there is some evidence that in 
the hole-burning process of nanocrystalline BaFCl:Sm2+, electronic traps different to Sm3+ may play a significant 
part. Further studies are necessary to clarify the details of the hole-burning mechanism. 
Temperature-excursion studies were also carried out for microcrystalline BaFCl:Sm2+ and some results are shown 
in Fig. 5. After the hole was kept under red laser excitation at 50 K for 1 min, the hole became narrower, with a 
residual hole area of about 25 %.  
 
 
Fig. 5. Photon-gated hole-burning spectra of microcrystalline BaFCl:Sm2+ before and after a temperature excursion to 50 K.  
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Fig. 6. (a) Hole-burning kinetics at 3 K for self-and photon-gated hole burning for nanocrystalline BaFCl:Sm2+ and (b) for self-gated hole burning 
in nanocrystalline and microcrystalline BaFCl:Sm2+. Laser power densities of 1 mW/cm2 and 19 mW/cm2 were used for the 687.82 and 532 nm 
light, respectively.  
Fig. 6(a) shows spectral hole-burning kinetics for self- and photon-gated hole burning in nanocrystalline 
BaFCl:Sm2+. The hole-burning shows distinctly dispersive first order kinetics. With the very low gating power 
density used in the current experiments, the photon-gated hole burning is about 5.5 times more efficient than self-
gated hole burning in nanocrystalline BaFCl:Sm2+.  
Hole-burning kinetics in the self-gating mode is compared for nanocrystalline and microcrystalline BaFCl:Sm2+ 
in Fig. 6(b). The self-gated hole burning of the microcrystalline sample is about 2.5 times more efficient than that of 
the nanocrystalline material. 
4. Conclusion 
Synchrotron powder X-ray diffraction and scanning electron microscopy was employed to study nanocrystalline 
BaFCl:Sm3+, which is an efficient photoluminescent X-ray storage phosphor. The properties of nanocrystalline 
BaFCl:Sm3+ render it to be an attractive alternative to currently used dosimetry systems. Self-gated and photon-
gated spectral hole-burning properties of the 7F0→5D0 transition of X-ray generated Sm2+ in nanocrystalline and  
microcrystalline BaFCl:Sm3+ were studied to gain a better understanding of the storage mechanism. By applying 19 
mW/cm2 of gating light in the hole-burning process, a gating efficiency of 5.5 was achieved for nanocrystalline 
BaFCl:Sm2+. From temperature excursion experiments it follows that electronic traps different from Sm3+ may play 
a dominant role in the photon-gated hole-burning mechanism of the nanocrystalline material. Compared with the 
spectral hole-burning results of nanocrystalline sample, the microcrystalline BaFCl:Sm2+ has higher hole-burning 
efficiencies both in self- and photon-gated hole-burning modes.  
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